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Introduction Nickel based superalloys are considered to become the main stream of the aircraft gas turbine materials. EI 698 VD alloy is a designation assigned to the Ni superalloy used mainly for the compressor parts of turbines. It has been reported that creep rupture properties of superalloys were influenced by heat treatment. It is well-known that high temperature strength of precipitation hardened Ni based superalloys depends directly on the volume fraction and morphology of gamma prime particles as well as on distribution and shape of carbide particles [I] . The grain size is one of the important structural factors affecting the creep rupture properties of these alloys as well [ 2 ] . An optimal structural state of this type of alloys may be reached by way of multistage heat treatment methods making considerable demands on time and energy.
The aim of this study was to investigate the effect of modified heat treatment programs and to evaluate the influence of these treatment adjustments on microstructural and mechanical properties at elevated temperature.
Material and experimental procedures
The chemical composition of the EI 698 VD alloy used is in Tab.1 The following programs of heat treatment were tested to influence the alloy microstructure. proportions of fracture mechanisms taking place in the process of initiation and propagation of fracture cracks was carried out on individual fracture surfaces. Mechanisms and the extent of deformation during creep was investigated by means of substructural studies in the underfracture zone of ruptured specimens.
Results
Microstructure The heat treatment programs used resulted in the development of different final specimen substructures. Fig.1 and 2 show final microstructures of the initial state and state 2.
Microstructural and substructural changes were observed in succession in individual annealing stages. The austenite grain size of the final state was the same in all cases and the mean diameter of grains was determined to be approximately dm = 0.065 mm. Coarser block-like MC carbides arising as a product of eutectic reaction during solidification of the alloy were present in the matrix. No changes of their size, morphology or distribution were observed during the process of solution annealing. By EDX analysis these were identified as carbides of complex composition [3] . The level of annealing temperatures in individual stages affected mainly the size of gamma prime particles and the extent of M23C6 carbide precipitation and size on grain boundaries. It was revealed .that air cooling after first stage annealing did not guarantee a homogenous solid solution. Gamma prime particles of approximate size 20 nm were precipitated out in the matrix during the cooling process. They were available for modification in the subsequent annealing process. The second stage of annealing proved to be of decisive importance for the formation of different substructural characteristics. The upward change of temperature by 50°C in the second stage of annealing (state 4) produced a substructure identical to that developed by annealing at 1 1 0 0~~, i.e. this temperature corresponded more probably to the temperature of solution annealing suitable for this alloy. Fig.3 shows the final microstructure of state 4 after additional annealing at 775Oc. The size of gamma prime particles was approximately 50 nm. No size heterogenity was observed. In case of annealing in the second stage where the annealing temperature was 95o0c, this change was manifested as a considerable increase of gamma prime size (ca dm=200 nm) and a growth of carbides on grain boundaries. The M23Cge critical for precipitation of gamma temperature 9 5 0~~ appears to prime particles and for growth of M23C6 carbides. These are accompanied by solute depletion of the surrounding matrix and result in the appearence of a denuded zone around grain boundaries. A final annealing at 7 7 5 O~ gives rise to additional gamma prime precipitation as well as new M23C6 carbide particles on the grain boundaries. The final microstructure after this heat treatment shows a bimodal distribution of gamma prime particles in the matrix and carbide size heterogenity embedded on grain boundaries,as shown in Fig.4 . The uniform gamma prime precipitation of ca 50 nm in the matrix and the more pronounced precipitation of M2 C6 carbides along the grain boundaries, illustrated in Fig. 5 shows tze final substructure of just a two stage heat treatment process.
Mechanical properties The results of tensile tests at ambient temperature are summarized in Table 2 . All states comply with the requirement Rp0,2. States 1 and 2 are the only ones complying with the requirement Rm. Plastic properties are, however, less satisfactory for all states except for the state 3. Fractography results Metallography examination of the fracture surfaces revealed the initiation of fracture processes on grain boundaries and the presence of intercrystalline cleavage cracks in all specimens. Propagation of cracks continued by transgranular brittle cleavage and the final rupture resulted in transgranular ductile crack growth, as illustrated in Fig.7 . Table 3 shows the results of a statistical fractographic analysis of fracture mechanisms for individual states. The results of fracture observation revealed that coarse aggregates of primary MC carbides considerably affect crack initiation and its propagation.
Study of deformation processes in the vicinity of fracture surfaces points to localization of deformation into slip bands in individual grains, Fig.8 . A modifying effect of gamma prime particle size on dislocation glide mechanisms was revealed. Fig.9 shows narrow stacking faults inside the larger gamma prime particles, probably developed due to local stress concentrations at these particles.
Discussion
Microstructural studies and results of creep tests suggest that changing the heat treatment procedure of EI 698 VD alloys, either by changing the temperature level in the second stage annealing, or by modification of the overall process, results in changes of alloy structural characteristics reflected in strength characteristics derived from creep tests. The structure with a bimodal gamma prime morphology and grain boundaries suitably strengthened by the presence of carbide particles appeared more advantageous in view of reaching the required high temperature properties.
It was found that the temperature ll00OC is insufficient to achieve total homogenization of this alloy, mainly as far as the coarser MC carbide were concerned. Another factor which may influence the precipitation process is the rate of cooling from the solutionizing temperature. The air cooling rate failed to produce a homogenous solution before the additional precipitation treatment.
Results of substructure investigations revealed that annealing temperatures in the interval 900-1000~C must be used to achieve a bimodal gamma prime morphology. Selection of the temperature level must take into account the simultaneous M23C6 carbide precipitation which may contribute decisively to the decrease of plastic properties at elevated temperature because of the decrease of cohesive strength of the grain boundaries. Annealing below 900°C ensures a uniform distribution and size of gamma prime particles in the matrix. However, no positive effect on deformation properties of the alloy was observed due to the unfavourable influence of intensive carbide precipitation on grain boundaries. Weakening of boundaries may be intensified by the decrease of plastic ability of the matrix due to the increased volume fraction of gamma prime phase, suggested also by the occurence of transcrystalline cleavage fracture facets on fracture surfaces.
The fractographic evaluations of fracture surfaces do confirm the fact that am unfavourable combination of precipitation effect throughout the volume and on grain boundaries manifests itself by the increased sensitivity to intercrystalline crack initiation.
The results obtained by introducing heat treatment modifications into the thermal processing regime of EI 698 VD Ni based superalloys lead to the most important piece of knowledge that even slight changes of the prescribed heat treatment process affect considerably the microstructural characteristics and lead eventually to the decrease of creep strength and plastic characteristics at elevated temperatures.
Conclusion
The proposed changes of heat treatment of EI 698 VD alloy resulted in altered substructual changes and were reflected directly in values of creep strength and lifetime for individual heat treatment process. The increase of temperature by 50°C in the second stage of annealing suppressed the development of bimodal gamma prime morphology. The temperature decrease by 50°C resulted in formation of a similar bimodal microstructure to that of the prescribed heat treatment. However, this modification affected considerably the course of grain boundary precipitation.
The modification of the heat treatment by omission of the second stage annealing failed and was accompanied by a remarkable increase of the relative proportion of intercrystalllne cleavage fracture during the creep test. 
